The mechanisms underlying the progression from ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC) of the breast are yet to be fully elucidated. Several hypotheses have been put forward to explain the progression from DCIS to IDC, including the selection of a subpopulation of cancer cells with specific genetic aberrations, the acquisition of new genetic aberrations or non-genetic mechanisms mediated by the tumour microenvironment. To determine whether synchronously diagnosed ipsilateral DCIS and IDCs have modal populations with distinct repertoires of gene copy number aberrations and mutations in common oncogenes, matched frozen samples of DCIS and IDCs were retrieved from 13 patients and subjected to microarray-based mutant allele reduced from 49% in the DCIS to 25% in the IDC component. Despite the genomic similarities between synchronous DCIS and IDC, our data provide strong circumstantial evidence to suggest that in some cases the progression from DCIS to IDC is driven by the selection of nonmodal clones that harbour a specific repertoire of genetic aberrations.
Introduction
Breast cancer is perceived as a collection of distinct entities affecting the same anatomical site, which have different risk factors, histological features, clinical behaviour and response to therapy [1, 2] . Recent studies have demonstrated that individual breast cancers are composed of a mosaic of non-modal clones, each with distinct constellations of genomic aberrations [3] [4] [5] [6] [7] [8] [9] .
Since the introduction of mammography in the 1980s, the diagnosis of ductal carcinoma in situ (DCIS) has risen faster than any other subtype of breast cancer, accounting for 15-25% of new cases in the United States [10] . DCIS have been shown to constitute bona fide nonobligate precursors of invasive breast cancer based on the observations that if untreated, up to 39% of low grade DCIS progress to invasive carcinomas [11] , and that DCIS and invasive breast cancers arising in the same quadrant of the breast share similar histological features, gene expression profiles and gene copy number aberrations [12] [13] [14] [15] . The progression from DCIS to invasive breast cancer remains an area of great controversy [16, 17] . Historically, this process was perceived as a passive phenomenon, where the cancer cells would simply invade through the myoepithelial layer and basement membrane; however, recent studies have suggested that the microenvironment plays an active role in this process [18] , with cancer-associated fibroblasts promoting invasion and myoepithelial cells acting as potential invasion suppressors [19, 20] . Furthermore, abnormalities in the extracellular matrix and infiltrating leukocytes have been implicated in the process of invasion [21] [22] [23] .
Despite the similarities in the genomic profiles of synchronous DCIS and IDC [15] , there are clear examples of genetic differences between the in situ and invasive components of a cancer. This is perhaps best exemplified by the cases of DCIS harbouring HER2 gene amplification associated with HER2-negative invasive carcinomas [24, 25] . These observations may be explained by the fact i) that in these cases, the DCIS analysed was not the precursor of the invasive cancer, ii) that HER2 amplification was lost the during progression from DCIS to invasive carcinoma, or iii) that the DCIS was composed of a mosaic of clones with distinct genetic aberrations and the cancer cells that eventually invaded did not harbour HER2 gene amplification.
Given the evidence to suggest that genetic differences may exist between matched DCIS and IDC samples, we hypothesised that in some cases, progression may be mediated by selection of a subpopulation of cancer cells or by acquisition of new aberrations, including gene copy number aberrations or gene mutations. The aims of this study were to determine if matched DCIS and adjacent invasive carcinomas from the same patient (and the same histological block) harbour distinct patterns of copy number aberrations or mutations in known cancer genes.
Material and Methods

Power calculations
This is a hypothesis generating study, as there is limited information on the genome-wide similarities and differences between synchronously diagnosed DCIS and IDC from the same breast. The power calculations were based on the assumption that if progression from DCIS to IDC would be determined by a 'gene copy number aberration' or a 'mutation', this aberration would be expected to be present in the invasive component of the vast majority of carcinomas (e.g. >75%) but not present in the DCIS component (i.e. <5%). If these two levels were exactly 75% and 5% respectively, then nine of 12 samples would be expected to harbour the aberration in the invasive component, which would not be present in the DCIS component, and neither component would harbour the aberration in three cases. With 12 paired samples there is an 80% chance (power) that such an aberration would be detected using a one sided p-value of 1% to allow for multiple testing (McNemar test).
Cases
Fresh frozen breast cancer samples from patients whose tumours were reported to contain foci of both DCIS and invasive breast carcinomas were retrieved from Hospital Universitario 12 de Octubre, Madrid, and reviewed by at least two pathologists (LH, CC, ACF, DNR and/or JRF). Thirteen cases containing bona fide areas of DCIS and invasive breast cancer in the same tissue specimen were available for analysis in this study. Samples were anonymised prior to analysis and the study approved by local ethical committees. For each tumour, histological grade was assessed using Nottingham grading system [26] , by at least two pathologists (LH, CC, ACF, DNR and/or JRF). The clinicopathological characteristics of the tumours analysed in this study are detailed in Table 1 .
Immunohistochemistry
Immunohistochemistry was performed on representative 3µm thick sections containing the DCIS and matched invasive breast carcinomas subjected to microarray-based comparative genomic hybridisations (aCGH), fluorescence in situ hybridisation (FISH), and Sequenom MassARRAY. The antibodies, immunohistochemistry protocols and scoring methods used to characterise each tumour are summarised in Supplementary Table S1 . In brief, oestrogen receptor (ER) and progesterone receptor (PR) were considered positive if the Allred score 
Microdissection and DNA extraction
For all 13 cases, 20 representative 10µm thick sections were cut from the frozen tissue blocks. Microdissection was performed with a sterile needle under a stereomicroscope (Olympus SZ61, Tokyo, Japan) to ensure a percentage of tumour cells greater than 70%, as previously described [30, 31] . DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit (Hamburg, Germany). Double-stranded DNA concentration was measured using the Picogreen® assay, according to the manufacturer's instructions (Invitrogen, Paisley, UK). DNA quality was assessed using four primer sets in a multiplex PCR, as previously described [32] . Out of the 13 cases, both the DCIS and IDC components of 13 and 12 cases yielded DNA of sufficient quantity and quality for aCGH and Sequenom MassARRAY analysis, respectively (i.e. insufficient DNA was available for Sequenom MassARRAY analysis of Case 7).
Microarray-based comparative genomic hybridisation
The aCGH platform used for this study comprises ~32,000 BAC clones tiled across the genome, which has been shown to be as robust as, and to have comparable resolution with, high-density oligonucleotide arrays [33] [34] [35] . DNA labelling, array hybridisation and image acquisition were performed as previously described [3, 30, 32, 36, 37] . aCGH data were preprocessed and analysed using the BACE.R R script (R version 2.11.1) as previously described [30, 37] . After filtering polymorphic BACs and BACs mapping to chromosome Y, a final dataset of 31,158 clones with unambiguous mapping information according to build hg19 of the human genome (http://www.ensembl.org) was smoothed using the circular binary segmentation (cbs) algorithm [3, 30, 37] . A categorical analysis was applied to the BACs after classifying them as representing amplification (>0.45), gain (>0.08 and ≤0.45), loss (<-0.08), or no change according to their cbs-smoothed Log 2 ratio values [36] . Threshold values were determined and validated as previously described [36] . Categorical data were subjected to a multi-Fisher's exact test with adjustment for multiple-testing using the step-down permutation procedure maxT, providing strong control of the family-wise type I error rate, as previously described [30, 37] , to identify statistically significant differences between the genomic profiles of matched DCIS and IDC samples. Unsupervised hierarchical clustering analysis was performed as previously described [30, 37] . Briefly, cbssmoothed ratios were used for clustering, employing Ward's clustering algorithm and correlation distance. Data and the analysis history, script and code are available at (http:// rock.icr.ac.uk/collaborations/Mackay/DCIS.invasive.progression).
Fluorescence in situ hybridisation (FISH)
FISH was employed to validate regions of amplification identified by aCGH as previously described [38] . Table S2 ) were constructed as previously described [39] . FISH using these probes was carried out as previously described [39] . Copy number signals were counted in the nuclei of at least 100 morphologically unequivocal neoplastic cells from each component, and amplification was defined as 5 or more copies per nucleus, large clusters or a combination of both, in more than 50% of nuclei analysed, as previously described. [32, 37] . The proportion of nuclei defined as harbouring amplification for each locus in each component was independently analysed by two observers (PMW and ACF) blinded to the results of the aCGH analyses, and used to compare the frequency of amplification among the populations of tumour cells analysed in each component. For comparative analysis, a semi-quantitative scoring system was adopted, where morphologically unequivocal neoplastic cells were classified as having 1 copy, 2-4 copies, or 5 or more copies per nucleus, large clusters or a combination of both.
Sequenom MassARRAY OncoCarta
DNA from each component of 12 out of 13 breast cancer samples included in this study was subjected to mutation screening to detect 238 mutations in 19 oncogenes using the OncoCarta Panel v1.0 (Sequenom Inc., San Diego, CA) as previously described [30] . The prevalence of mutant alleles was estimated by calculating the ratio of the area of the raw spectra of the mutant allele to its wild type. Mutations were validated using Sanger sequencing as previously described [30] , where primers were designed on Primer3 (http:// frodo.wi.mit.edu/primer3/). Primer sequences are detailed in Supplementary Table S3 . Sequences were visualised using 4Peaks (http://4peaks.en.softonic.com/) and analysed using Mutation Surveyor (Softgenetics, PA, USA).
Statistical analysis
With the exception of aCGH analysis, which was performed using the R package (version 2.11.1) as described above, all statistical analyses were performed using Prism v5.04 (Graphpad Software Inc, La Jolla, CA, USA). Comparisons of the proportions of amplified and non-amplified nuclei were performed using a Chi-square test. All p values were twotailed and 95% confidence intervals were adopted. A p value < 0.05 was considered significant.
Results
Matched DCIS and adjacent invasive carcinomas have similar genomic profiles
To characterise the genomic profiles of matched DCIS and adjacent invasive carcinomas, we performed aCGH of 13 pairs of microdissected DCIS and adjacent invasive carcinomas. Figure  S1 and Supplementary Table S4) .
We have previously demonstrated that statistically significant differences in copy number profiles between two groups of tumours can be determined by performing grouped analyses of aCGH copy number data using a multi-Fisher's exact test [30, 32, 37] . We therefore applied the same principle in this study and performed a grouped analysis using a multiFisher's exact test to compare the copy number profiles of DCIS and adjacent invasive breast carcinoma components. No statistically significant differences in copy number profile between the two groups were identified ( Figure 1A ). This observation was further corroborated by unsupervised hierarchical clustering, which revealed that each DCIS more closely resembled its respective adjacent invasive carcinoma than any other sample ( Figure  1B ). Taken together, our findings confirm previous observations that synchronously diagnosed matched DCIS and invasive breast cancers display similar patterns of molecular aberrations [12] [13] [14] [15] 40, 41] .
Detailed pair-wise analysis of DCIS and its adjacent invasive carcinoma reveals the presence of gene copy number aberrations restricted to one of the components
It is possible that the lack of significant differences between DCIS and their respective invasive carcinomas, when analysed as a group, stem from i) the lack of a common genetic aberration that drives the progression from in situ to invasive breast cancer and ii) the possibility that the differences in gene copy numbers may be quantitative rather than qualitative. A pair-wise comparison of the genomic profiles of the matched samples of DCIS and adjacent invasive carcinomas revealed differences in the presence and level of specific amplifications between the two components in three cases (Cases 2, 4, and 5; Figure 2 . Given that the samples were microdissected to ensure tumour cell content of >70%, and that the direction of the change in Log 2 ratio was not unidirectional, normal cell DNA contamination of the DNA samples subjected to aCGH is unlikely to account for the observed differences. Of note, the three cases harbouring differences in copy number at the above loci between the DCIS and invasive components were of histological grade 3, displayed HER2 overexpression and harboured HER2 gene amplification (Table 1) . To determine if the increase in copy number at these loci was associated with an enrichment of cells harbouring specific amplifications in each component, each case harbouring an amplification with distinct copy numbers in the DCIS or adjacent invasive carcinoma was subjected to FISH using in-house probes. In each case, FISH revealed that the components with the lower cbs-smoothed Log 2 aCGH ratios of the amplified loci were composed of mosaics of cells with or devoid of the amplification, and the population of cancer cells harbouring the amplification usually accounted for <60% of the cancer cell population. In fact, the differences in the proportion of cells harbouring amplification in between two components of the same case closely mirrored the corresponding differences in the cbs-smoothed Log 2 aCGH ratios ( Figure 3) . In all cases, the differences in the distribution of copy number for each locus between each component were statistically significant (Chi-square test, p < 0.0002). These findings provide strong circumstantial evidence of clonal selection in the progression from in situ to invasive cancer [12] .
Patterns of mutations in cancer oncogenes in DCIS and adjacent invasive carcinomas
To determine if in situ and invasive breast cancers harbour distinct patterns of mutations in known cancer genes, 12 paired samples were subjected to Sequenom mutational profiling using the Oncocarta v1.0 panel as previously described [30] . Out of all genes tested, only PIK3CA was found to be somatically mutated in the samples investigated. PIK3CA mutations were identified in 6/12 cases (50%), consistent with previous reports that PIK3CA mutations are common in ER-positive luminal cancers [42] and in DCIS [43] (Supplementary Table S5 ). In a grouped comparison, considering only if a component was positive or negative for PIK3CA mutations (rather than the frequency of the mutant allele), no significant difference was identified in the frequency of mutations between DCIS and adjacent invasive carcinomas (Fisher's exact test, p=0.68). Pair-wise analysis of the six cases harbouring PIK3CA mutations in either component identified differences in mutant allele frequency between components. In three of these cases (Cases 3, 8, and 10), the mutant allele frequency was similar in the in situ and invasive components (c.1633G>A, p.545E>K, range 19.2-54.2%, Figure 4A ). In the remaining three cases, the mutant allele frequency was higher in the in situ than in the invasive component (Cases 2 and 12 with c.1624G>A, p.
542E>K, and Case 5 with c.3140A>G, p.1047H>R, range 11.5-48.8%, Figures 4B and 4C ). In fact, in two of these cases (Case 12 harbouring an E542K mutation, and Case 5 an H1047R mutation), the PIK3CA mutation was absent from the invasive component. Sanger sequencing analysis of the same DNA samples confirmed all E545K PIK3CA mutations and 2 out of 3 E542K PIK3CA mutations. One of the E542K PIK3CA mutations and the H1047R PIK3CA mutation were not validated by Sanger sequencing (Supplementary Table   S5 ). This is not surprising, given that in these samples, the frequency of the mutated allele was estimated by Sequenom to be either at lower limit of detection by Sanger sequencing (i.e. 21% E542K PIK3CA mutation in Case 12) or below the threshold of mutation detection (i.e. 11.5% H1047R PIK3CA mutation in Case 5). Despite the very low allelic frequency of the H1047R mutation in Case 5, a small peak representing an A to a G base change consistent with the H1047R mutation can be identified ( Figure 4C ). Taken together, these data confirm previous observations [43] that PIK3CA mutations are an early event in breast cancer, are frequently found in ER-positive DCIS, and suggest PIK3CA mutations are unlikely to play a role in progression from DCIS to invasive breast cancer.
Discussion
This hypothesis-generating pilot study provides direct evidence to reconcile some of the discrepant observations on the molecular characteristics of synchronously diagnosed matched DCIS and adjacent invasive breast carcinomas. First, in agreement with previous studies [12, 14, 40, 41] , we demonstrate that overall, the genomic profiles of matched DCIS and adjacent invasive breast carcinomas are remarkably similar in terms of their copy number profiles. These data demonstrate that DCIS is as advanced as its invasive counterpart in terms of the genomic characteristics of their modal populations. We extended these observations to the mutational repertoire of matched DCIS and invasive breast cancers and demonstrated that from a qualitative viewpoint, these lesions are remarkably similar. Second, we present direct evidence using orthogonal methods (i.e. aCGH and FISH, Sequenom and Sanger sequencing) that at least some matched DCIS and synchronously diagnosed adjacent invasive carcinomas are composed of modal populations of cancer cells that differ in their repertoire of gene copy number aberrations and gene mutations. These findings provide direct evidence to support the notion that intra-tumour genetic heterogeneity is not uncommon in breast cancer [3, [5] [6] [7] [8] and that it exists at the early stages of tumour development (i.e. DCIS).
The observations that DCIS and synchronously diagnosed adjacent invasive carcinomas do not show any significant differences in terms of copy number aberrations and mutations in known cancer genes when analysed as a group, while pair-wise analysis of each matched pair occasionally revealed important differences are not contradictory. In fact, the lack of significant differences is likely to stem from the fact that even if gene copy number aberrations drive the process of progression from DCIS to invasive carcinoma, progression may be a convergent phenotype and different genetic aberrations may result in invasion depending on the epistatic interactions resulting from the genomic instability found in these lesions [8, 9] . In the absence of a common denominator in the form of gene copy number aberrations or mutations in known cancer genes, the analyses performed would not be able to identify statistically significant changes. It is also possible that genetic aberrations other than gene copy number changes or mutations in known cancer genes (e.g. somatic point mutations or small insertions and deletions in other genes, and somatic rearrangements), or epigenetic changes [44, 45] may drive this phenomenon. Further analysis based on massively parallel sequencing of synchronously diagnosed matched DCIS and invasive breast cancers are warranted.
Here we performed the most comprehensive profiling for mutations in known cancer genes in matched DCIS and adjacent invasive breast carcinomas. We have confirmed that activating PIK3CA mutations are a frequent phenomenon in DCIS [43] . In agreement with Miron et al. [43] , we observed differences in the presence of PIK3CA mutations between the DCIS and adjacent invasive carcinoma. Our analyses using orthogonal methods demonstrate that although good concordance in the qualitative PIK3CA mutation status (i.e. mutant vs non-mutant) between DCIS and adjacent invasive breast cancer was observed as previously reported [43, 46, 47] , quantitative differences were observed in that the clones harbouring a PIK3CA mutation were more prevalent in the DCIS than in the adjacent invasive carcinoma.
These observations suggest that activating mutations in this gene are more likely to play a role in breast tumour initiation than in invasive progression [43] , and do not support the contention that PIK3CA mutations occur early and are selected for in breast cancer progression [46] . In fact, in two of the cases reported by Kalinsky et al. [46] , quantitative changes in the prevalence of PIK3CA mutations from DCIS to invasive carcinoma were also observed [46] . Alternative hypotheses for our findings include the possibility i) that in some breast cancers, PIK3CA mutations may not be driver events due to other epistatic interactions (e.g. other genetic or epigenetic alterations resulting in activation of the PI3K pathway); and ii) that although PIK3CA mutations occur relatively early, they are not initiating events, given that in some DCIS samples they were shown to be restricted to a subpopulation of cancer cells. In this context, other genetic or epigenetic alterations may confer an advantage for a subclone of cancer cells to be able to progress to invasive breast cancer.
Although phenotypic heterogeneity in regards to the expression of multiple immunohistochemical markers in DCIS [48, 49] and genetic differences between unmatched DCIS and invasive breast cancers [14] have been previously documented, the finding of genetic heterogeneity for selected amplifications between synchronously diagnosed matched DCIS and invasive breast cancers is novel, but not entirely surprising. Previous studies have either examined DCIS samples alone [15, 50] , studied unmatched groups of DCIS and IDC samples [14, 51] , or surveyed only specific loci in the genome [40] . These approaches are not equipped to identify low frequency events involving subtle changes in copy number profile between two cases, as we have demonstrated in this study (Figures 1, 2 and 3) . The findings of this study highlight the difficulties in studying tumour progression, namely that it appears that subsets of tumours harbour distinct mechanisms driving progression. Therefore, future studies of tumour progression should be designed with this in mind, using only matched pairs of tumours, and performing analyses in a pair-wise fashion.
The limitations of this study include the small sample size, rendering this pilot study hypothesis-generating. Eleven of the 13 cases were ER-positive, making the generalisability of the findings to ER-negative breast cancer limited. Given the lack of adequate in vitro models of ER-positive DCIS, no mechanistic/ functional validation of the identified aberrations (e.g. PIK3CA mutations) could be performed. In fact, the most widely used in vitro models of DCIS (e.g. the MCF10A progression series) are representative of ERnegative disease [52] .
In conclusion, here we demonstrate that although the modal populations of synchronously diagnosed matched DCIS and adjacent invasive carcinomas are similar at the genetic level, intra-tumour genetic heterogeneity does exist from the early stages of breast cancer progression. We have also provided evidence to demonstrate that at least some DCIS and invasive breast carcinomas are composed of mosaics of neoplastic cells that harbour additional genetic aberrations to the founder genetic events and the selection of populations with specific genomic aberrations take place in the progression from DCIS to invasive breast cancer. Based on our observations, it is likely that progression from DCIS to invasive cancer is likely to constitute a complex biological phenomenon that follows a Darwinian evolution model and a convergent phenotype (i.e. progression from DCIS to invasive cancer may be caused by a large constellation of genetic and/ or epigenetic aberrations, and/ or be mediated by the microenvironment) [9] . Therefore, further studies are warranted to characterise the entire repertoire of genetic and epigenetic changes associated with progression through massively parallel sequencing analysis of matched samples of DCIS and IDC.
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Refer to Web version on PubMed Central for supplementary material. matched samples. The components from each pair of synchronously diagnosed matched DCIS and invasive breast cancer preferentially clustered together. (C) Representative micrographs of the DCIS and its adjacent invasive component from the frozen section of Case 9 subjected to microdissection (left) and their respective genome plots (right). In the genome plots, the genomic position is plotted along the X-axis and cbs-smoothed Log 2 ratio on the Y-axis; amplifications are shown in bright green, gains in dark green, losses in dark red, and normal copy number in black. Amp: amplification; ER: oestrogen receptor; Gain: copy number gain; Loss: copy number loss; NC: no copy number change; PR: progesterone receptor. Representative micrographs of the DCIS and its adjacent invasive breast cancer component from frozen sections of (A) Case 2, (B) Case 4, and (C) Case 5 and their respective genome plots. Genomic position is plotted along the X-axis and cbs-smoothed Log 2 ratio on the Yaxis, amplifications are shown in bright green, gains in dark green, losses in dark red, and normal copy number in black. A red star denotes differences in the copy number profiles between matched DCIS and invasive components. Using the Oncocarta v1.0 panel on the Sequenom platform, mutations in PIK3CA were identified in 6 cases. (A) In three of these cases, the mutations were present at equal frequency in both components (Cases 3, 8 and 10). In the remaining three cases, the mutation was either present at lower frequency in the invasive component (Case 2) or absent in the invasive component (Cases 12 and 5) (B and C). Sanger sequencing was used to validate these findings. In each panel, the mass spectrometry profile is shown demonstrating the allele called, with the corresponding Sanger sequencing trace below, centred on the mutation site (red arrow). The top case in each panel is one with wild-type PIK3CA (i.e.
Cases 11, 13 and 6). Table 1 Clinicopathological features of matched DCIS and invasive breast cancer samples. >30%, Neuroendocrine -neuroendocrine carcinoma.
